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The abundance of mammalian 18S and 28S ribosomal RNA can decrease the detection sensitivity of bacterial or viral targets in
complex host-pathogen mixtures. A method to capture human RNA in a single step was developed and characterized to address
this issue. For this purpose, capture probes were covalently attached to magnetic microbeads using a dendrimer linker and the
solid phase was tested using rat thymus RNA (mammalian components) with Escherichia coli RNA (bacterial target) as a model
system. Our results indicated that random capture probes demonstrated better performance than specific ones presumably by
increasing the number of possible binding sites, and the use of a tetrame-thylammonium-chloride (TMA-Cl-) based buffer for
the hybridization showed a beneficial effect in the selectivity. The subtraction efficiency determined through real-time RT-PCR
revealed capture-efficiencies comparable with commercially available enrichment kits. The performance of the solid phase can be
further fine tuned by modifying the annealing time and temperature.

1. Introduction

The detection and analysis of low-abundance nucleic acids
(NAs) in complex host-pathogen mixtures requires the
enrichment of the target of interest prior to any downstream
process which means eliminating host material, nucleases,
and PCR inhibitors [1, 2]. Magnetic-bead-based isolation
methods using specific capture probes are well established,
and they have been demonstrated to be versatile and efficient
[2]. In any application which relies on the analysis of
ribonucleic acids (RNAs), such as viral identification or
genomic profiling, the selective separation of the RNA targets
of interest also has to ensure the integrity of the templates
in order to obtain meaningful results [3]. Chloroform-based
extraction methods have been traditionally used for this
purpose with satisfactory results; however, the laborious
steps involved, the possible loss of template, and the use of
toxic reagents have diminished the enthusiasm in their use
[4, 5].

Single-step methods for RNA capture emerged more
than a decade ago in response to a need to reduce the
use of the phenol-based extraction. Direct capture of RNA

was attempted using solid phases with capture probes
linked through affinity (biotin-streptavidin) [5–7] or short
covalent bonds [8–11]. However, the low capture efficiency
and the inconsistency of the results along with problems
of nonspecific adsorption led to the development of the
currently used two-step method. In this method, a capture
probe is hybridized in solution with the target of interest
and the probe-target complex is then captured on magnetic
beads [12–18]. While the biotin-streptavidin system is the
most widely used approach, there are other commercially
available products that utilize short oligonucleotides as
capture moieties [19–25].

The presence of ribosomal RNA (rRNA) in clinical
samples is one of the major interferers for downstream
analysis. In some circumstances, when the interfering RNA
is not removed, the amount of total RNA used has to be
increased significantly (>50 μg) in order to obtain the desired
sensitivity [26]. Other approaches [27–29] for enrichment
of bacterial RNA by selective or differential hybridization
of the human components have been reported; however,
they are complex and cumbersome, requiring numerous
steps and sometimes length hybridization time. Moreover,
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separate selective capture of the rRNA and the targets using
biotinylated probes and streptavidin-conjugated beads is
usually necessary. These methods make the currently known
approaches expensive and prone to contamination and loss
of template [27–29].

For diagnostic applications, there is an increasing interest
in developing methods to remove eukaryotic rRNA (18S and
28S) from bacterial targets since it has been observed that
the former can compete with the targets of interest during
cDNA synthesis and labeling [21]. Methods to specifically
remove 18S and 28S RNA are commercially available (that
is, MICROBEnrich kit, Ambion, Austin, Tex, USA), and
they have been used for enrichment of bacterial RNA in
various clinical applications [21, 24, 25]. For this method,
the sample containing bacterial and mammalian RNA is first
hybridized with a mixture of capture oligonucleotides in
solution and then with magnetic beads derivatized with an
oligonucleotide complementary to the free tail of the capture
oligo. Even though the routinely used two-step method has
been demonstrated to be suitable for many applications,
it is always desirable to minimize the number of manual
steps in order to prevent loss of target and/or potential
contamination.

In the work presented here, we describe a method for
single-step capture of mammalian rRNA (18S and 28S)
using a branched phosphorus dendrimer as linker on the
solid phase. Previous reports have shown the dendrimer
linker provides a tunable loading capacity and a long linker
length which is known to positively influence the capture
efficiency [8–10]. Moreover, this linker forms very stable
covalent bonds which ensure the probe remains bound to the
surface hence eliminating the possibility of probe shedding
[30]. Based on these findings, we evaluated the capture
efficiency as a function of the probe density and compared
the performance of the solid-phase system developed here
with the commercially available equivalent method.

2. Materials and Methods

2.1. Materials. Aminofunctionalized magnetic microbeads
were purchased from Chemiell GmbH (Berlin,Germany).
Thiophosphoryl dendrimers generation 5.5 was purchased
from Sigma-Aldrich (St. Louis, Mo, USA) and used as
received. Rat thymus RNA, Escherichia coli RNA, and
MICROBEnrich kit were purchased from Ambion (Austin,
Tex, USA) and used according to the manufacturer’s
instructions. All the primers used for the capture probe
synthesis had an AminoC6 modification and were purchased
from the Operon Biotechnology (Huntsville, Ala, USA).
Random hexamers, DNA Polymerase I, and SuperScript II
were obtained from Invitrogen Life Technologies (Carlsbad,
Calif, USA). Klenow fragment (3′ → 5′exo−) was purchased
from New England Biolabs (Ipswich, Mass, USA). GoTaq
Flexi Polymerase was obtained from Promega Corporation
(Madison, Wis, USA). All solutions were prepared with
nuclease free water.

2.2. Specific 18S and 28S Capture Probe Synthesis. Specific
capture probes for 18S or 28S were synthesized by PCR using

T3 (amino labeled) and 18S or 28S reverse primers (listed
in Table 1) with pTRI RNA 18S or 28S control templates
(Ambion). PCR reactions were performed in 50 μL volumes
containing 1x colorless GoTaq Flexi Buffer, 3 mM MgCl2,
400 μM each of dATP, dCTP, dGTP, and dUTP, 3 μM of
primer T3 and 300 nM of 18S or 28S reverse primers,
3 U of GoTaq DNA polymerase (Promega), and 1 μL of
template (1 ng/μL). The amplification reaction was carried
out in Peltier Thermal Cycler-PTC240 DNA Engine Tetrad
2 (Bio-Rad Laboratories Inc., Hercules, Calif, USA) with
preliminary denaturation at 94◦C for 2 min., followed by
40 cycles of 94◦C for 30 sec., 54◦C for 30 sec., and 72◦C for
30 sec.

2.3. Random Capture Probe Synthesis. Random capture
probes were synthesized using rat thymus RNA as template.
The rat thymus RNA was reverse transcribed to double-
stranded cDNA using random hexamer and SuperScript II
(Invitrogen Life Technologies) according to manufacturer’s
recommended protocol. The cDNA products were purified
with QIAquick PCR purification kit (Qiagen Inc., Valencia,
Calif, USA) following the manufacturer’s recommendation,
and used for Klenow probe synthesis as described in previous
report [31]. Briefly, the Klenow probes were prepared in a
50 μL reaction volume containing 10 mM Tris-HCl (pH 7.9),
10 mM MgCl2, 50 mM NaCl, 1 mM DTT, 20 μM primer
D (see Table 1 for sequence information), 0.2 mM dNTPs,
10 U of Klenow fragment (3′ → 5′exo−) (NEB) with initial
denaturation at 95◦C for 5 min. followed by immediate
cooling down at 4◦C, incubation at 37◦C for 6 hours, and
enzyme inactivation at 75◦C for 20 min. The synthesized
probes were purified using QIAquick PCR purification kit
(Qiagen), and the expected probe size was ∼200–650 bp.

2.4. Magnetic-Bead-Based Solid-Phase Preparation. The solid
phase was prepared as described previously [31]. Briefly,
1 μm size magnetic beads with amines (NH2) were func-
tionalized with a generation 5.5 phosphorous dendrimers,
and a capture probe was immobilized at a concentration
of 3, 6, 9, and 12 ng/μL as previously described [31]. After,
immobilization, the beads were stored at 4◦C until used.

2.5. Capture of rRNA Using a MICROBEnrich Kit (Two-Step
Method). The MICROBEnrich kit was used for the two-
step method. The input RNA used for the experiments was
either 500 ng or 1000 ng of total RNA (92.5% rat thymus
RNA/7.41% E. coli RNA). The reactions were performed
according to the manufacture’s instruction. For the low
target range (500 ng), the scaling of reagents was performed
according to the manufacturer’s indications.

2.6. Capture of rRNA Using Direct Capture (Single-Step
Method). Capture reaction was performed as described pre-
viously [31] with the following modifications. The hybridiza-
tion buffer was adjusted to 2.75 TMAC/0.01% SDS, and 1
unit of recombinant ribonuclease inhibitor (RNase OUT,
Invitrogen Life Technologies) was added to each sample. The
denaturing temperature was set at 72◦C, and the annealing
temperature was varied from 40 to 60◦C. The denaturing
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Table 1: List of primers used in this study for the generation of capture probes and quantitative real-time reverse transcriptase PCR.

Primer name Sequence (5′ → 3′) Length (bp) PCR condition

18S R GATCCTCTAGAACAGCAGCCG 85
See Section 2.2

28S R ATCCTTCGATGTCGGCTCTTC 100

D∗ NH2-GTTTCCCAGTAGGTCTCNNNNNNNN See Section 2.3

T3 NH2-GTTTCCCAGTAGGTCTCNNNNNNNN See Section 2.2

BR18S-F# AGGAATTCCCAGTAAGTGCG
102

30 cycles of 94◦C,15′′;

BR18S-R# GCCTCACTAAACCATCCAA 60◦C, 1′

28SF4006 CGCCGGTGAAATACCACTAC
200

35 cycles of 95◦C, 15′′;

28SR4205 CTGAGCTCGCCTTAGGACAC 55◦C, 20′′; 72◦C, 30′′

tdcA-F@ CGGTGGTGGAAGTCTCATTT
173

35 cycles of 95◦C, 10′′;

tdcA-R@ ACCAATCGCAAAATCCAGTC 54◦C, 20′′; 72◦C, 20′′

Note: ∗published primer from Wang et al. 2002 [32]. #Published primer pair from Grace et al. 2003 [33]. @Published primer pair from Lin et al. 2010 [34].
All other primer pairs are novel to this study. The length indicates amplicon size.

and annealing times were varied between 5 and 10 minutes
and between 30 and 90 minutes, respectively, in order to
optimize the capture conditions. The input RNA used was
either 500 ng or 1000 ng of rat thymus RNA or total RNA
(92.5% rat thymus RNA/7.41% E. coli RNA).

2.7. Real-Time PCR. Quantitative real-time reverse tran-
scriptase PCR (qRT-PCR) was performed using the MyiQ
real-time PCR detection system with iScript one-step RT-
PCR kit with SYBR Green (Bio-Rad Laboratories, Inc.)
according to the manufacturer’s recommended protocol.
Briefly, the reaction was carried out at 25 μL volume with
cDNA synthesis step at 50◦C for 10 min. and a denaturing
step at 95◦C for 5 minutes, followed by PCR cycling. The
primers used and PCR cycling conditions are listed in
Table 1. All qRT-PCR results were reported in terms of pg
per microliter using an external standard curve with known
concentration of total RNA.

3. Results and Discussion

In the work discussed here, we developed a single-step
method to capture 18S and 28S rRNA using magnetic
microbeads. The capture probes for 18S and 28S ribosomal
RNA were covalently attached to magnetic microbeads
through a phosphorous dendrimer to fabricate a solid phase,
and the solid phase was characterized based on its capture
efficiency and specificity at different probe concentrations.
Rat thymus RNA (mammalian components) with E. coli
RNA (bacterial target) was used as a model system to test the
capture efficiency and monitor nonspecific absorption issue.
After establishing the single-step method, the results were
compared between the single-step and the commercially
available two-step method.

3.1. Selection of Capture Probes. Random and specific cap-
ture probes were synthesized and immobilized on the
magnetic microbeads to compare their capture efficiency.
When using specific capture probes, magnetic microbeads
were immobilized with either 18S or 28S probes or with

a mixture of both, and subtraction experiments were
performed separately. The results indicated that capture
efficiency of magnetic beads are only at the 25–30% level
regardless of the capture probes used (data not shown).
A difficulty when utilizing specific capture probes is the
difference in target length; it is expected that this parameter
along with the base composition will strongly influence the
capture efficiency. The targets are presented as whole strands
of ∼1900 and 5000 nucleotides (18S and 28S rRNA, resp.)
that have to anneal to short capture probes in a specific
region to ensure complementary base pair matching. This
is indeed a restricted and complex scenario. Moreover, the
probes are bound to a solid support, and it is well known
that steric constraints become more significant under these
conditions [30, 31].

In order to increase the degrees of freedom in the
system and improve capture efficiency, we sought the use of
random capture probes. Random rRNA capture probes are
prepared from mammalian cDNA using a random primer
which resulted in products that will span the whole 18S
and 28S regions [33]. It is therefore expected that rather
than constraining the capture to a specific short region
of the target, they will represent a multitude of possible
binding sites hence increasing the interaction probabilities.
In addition, the length of these probes ranges from 200 to
650 nucleotides which is longer than specific capture probes
and increases the chance to interact with targets. Our results
indicated that random probes demonstrated significantly
higher capture efficiencies (70–80%) and more reproducible
results. For this reason we pursued the remaining of our
experiments using these probes.

3.2. Optimization of Capture Conditions. Our preliminary
studies showed that denaturing at 72◦C for 10 minutes
followed by annealing at 50◦C for 90 minutes produced
satisfactory results using rat thymus RNA as target. While
lower annealing temperatures produced a drastic decrease in
the capture efficiency, variation in the denature time did not
produce any significant effect (data not shown). These results
provided a start point for further optimization.
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Table 2: Capture efficiency of 18S and 28S ribosomal RNA and
recovery of E. coli RNA using a single-step capture protocol on a
selective solid phase.

18S captured
(%)

28S captured
(%)

E. coli recovered
(%)

500 ng 87 51 4

1000 ng 51 32 46

Note: The input RNA tested was 500 and 1000 ng of mixed mammalian
(98%) and E. coli (2%) RNA. Denaturation was performed at 72◦C for 10
minutes and annealing at 50◦C for 90 minutes.

An important aspect of any direct capture method is to
determine the selectivity and the capture efficiency within
meaningful experimental ranges. It is well known that host
ribonucleic acids can be present as much as more than 1000-
fold excess with respect to the targets of interest. These
large ratios are in fact one of the most difficult aspects of
developing selective solid phases due to the likelihood of
nonspecific hybridization (NSH) and nonspecific adsorption
(NSA). In order to gain insight into the effect of these
parameters, we challenged the solid phase with a matrix
containing 92.5% of mammalian RNA and only 7.5% of
E. coli total RNA and performed selective capture using
the denature-and-capture conditions previously tested. We
evaluated the capture efficiency of 18S and 28S ribosomal
RNA and determined the percentage of E. coli recovered
in the supernatant using real-time RT-PCR. These results
showed a significant variation in the capture efficiency of
18S and 28S and recovery of E. coli among the different
concentrations of input RNA (Table 2). Although a higher
recovery of E. coli RNA is attained at higher concentration of
input RNA, the variability is also significantly larger.

In order to address the capture efficiency and nonspecific
interaction issues, different hybridization buffers were tested
with tetramethylammonium chloride (TMA-Cl) showing
the best results in terms of increase in capture efficiency
and decrease in nonspecific interaction (data not shown).
TMA-Cl is a chaotropic agent known to eliminate the
dependence of base composition on the melting temperature
of ribonucleic and deoxyribonucleic acids [35–38]. For
RNA, TMAC-Cl-based buffer changes the stability of DNA-
RNA duplexes. Yokogawa and coworkersv [39] found that
tRNA was more likely to form hybrids with complementary
oligonucleotides in a TMA-Cl buffer than in a NaCl-based
buffer of the same ionic strength. Moreover, their results
showed an increase in the capture efficiency of solid-support-
bound oligonucleotides as the hybridization temperature was
increased from 25◦C to 65◦C in a TMA-Cl-based buffer. The
use of tetraalkylammonium salts also favors hybridization of
mismatched bases which is a concern with regard to NSH;
however, this effect can be ameliorated by annealing at higher
temperatures [39, 40]. Based on these facts, we decided to test
whether an increase in the temperature and a reduction in
the annealing time would favor the conditions to reduce NSH
while maintaining the specific capture of rRNA. Annealing
for 30 and 60 minutes was tested at 50◦C and 60◦C;
to facilitate the distribution of the target and potentially

Table 3: Capture and recovery efficiencies obtained by real-time
RT-PCR. Capture was performed at 50◦C using 500 ng of input
RNA (92.5% mammalian and 7.5% E. coli RNA).

Annealing time (min) 30 60

18S captured (%) 31 20

28S captured (%) 41 71

E. coli recovered (%) 54 50

enhance their diffusion to the surface-bound-probes, the
beads were maintained under constant shaking. The results
indicated that the most favorable condition to capture rRNA
without nonspecific interaction occurred when 50◦C was
the annealing temperature (Table 3). The capture efficiencies
dropped drastically above 50◦C regardless of the annealing
time or whether the capture was performed under intermit-
tent or constant shaking (data not shown).

In comparison with the efficiencies obtained under
intermittent shaking for a longer period of time (Table 2,
500 ng), there is a significant improvement in the recovery of
E. coli. The variable efficiency obtained for 18S and 28S might
be due to the difference in their size or a different stabilizing
effect of the TMA-Cl on the probe-target duplex.

In addition to hybridization buffer, variation in strin-
gency of the posthybridization wash has been demonstrated
to reduce NSB (nonspecific binding) and NSH (nonspecific
hybridization) [38, 41]. We tested whether an increase in
the posthybridization wash temperature would enhance the
recovery of E. coli by incubating the beads in the wash
solution for five minutes at either 37 or 50◦C. We found
that for the SSC/SDS buffer used, the optimal temperature
was 37◦C and higher temperatures produced a detrimental
effect (data not shown). These results demonstrated that
the annealing temperature and time and the presumed
maintenance of a homogeneous distribution of the targets
by means of shaking influence the performance of the
capture probes; moreover, different effects are observed in
the efficiency of the 28S and the 18S probes. So far, the
information available with regard to the effect of TMA-
Cl on RNA is limited to short capture probes and known
targets, and therefore it is difficult to pinpoint the specific
mechanism involved in the observed results. It is possible
that the enhancement on the recovery of the E. coli RNA
might be a combined effect of the TMA-Cl, which is known
to positively influence the hybridization of exact matching
sequences [37], and a better, more uniform access of the
target to the probes, by means of the continuous shaking.
For short RNA targets and probes, increased hybridization
temperature produces an enhancement in the hybridization
efficiency [39]; however, the opposite effect was observed
in this study. It is not clear why increasing hybridization
temperature causes a decrease in hybridization efficiency in
this case. It is probably due to the fact that the rRNA targets
are much longer in this work and potentially exhibit different
characteristics than short RNAs used by Yokogawa et al. [39].
The cause of the difference in efficiency observed between
the 18S and the 28S probes may be the base composition and
duplex stability of the 18S and 28S targets.
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Table 4: Comparison of subtraction efficiencies between the single-step and the two-step method using a commercially available enrichment
kit (MICROBEnrich, Ambion).

500 ng input 1000 ng input

Captured 18S
(%)

Captured 28S
(%)

Recovered E. coli
(%)

Captured 18S
(%)

Captured 28S
(%)

Recovered E. coli
(%)

Commercial method 29 40 63 30 50 100

Proposed method 31 41 54 60 92 36

3.3. Effect of Probe Density on the Capture Efficiency. We pre-
viously demonstrated that the probe density has a significant
effect on the capture of genomic NAs [31]. The experiments
performed so far were done using a probe concentration of
3 ng/μL based on our previous study with human genomic
DNA. In order to investigate how this variable would affect
the capture of RNA, we performed a series of experiments
utilizing 3, 6, 9, and 12 ng/μL as initial probe concentration.
We also increased the amount of input RNA to 1 μg to
determine whether the conditions previously established
could be used in matrices with large ratio of background to
target RNA. In contrast to DNA subtraction, the difference
of the probe density did not produce significant difference in
capture efficiency of 18S and 28S rRNA.

It was also interesting to note that the recovery of E.
coli was reduced as the input RNA concentration increased.
The maximum recovery of E. coli is 36% when using 1 μg of
input RNA which is lower than the recovery obtained with
lower input RNA (Table 3). The low recovery is presumably
due to the fact that the increase in the input RNA increased
the effects of NSH and NSB. The interaction of nucleic
acids at the solid/liquid interface is complex and depends
not only on the characteristics of the target but also on the
surface properties of the solid phase such as hydrophilicity
and the presence of blocking agents [42, 43]. In the
method used here bovine serum albumin (BSA) was used
to minimize nonspecific interactions, and the use of a final
concentration of 0.125 μg/μL has been proven satisfactory
for DNA and RNA targets up to 500 ng [31]. In order to
enhance the results obtained at higher input RNA, further
fine tuning of the hybridization buffer, such as increased
BSA concentration, and posthybridization wash is warranted
to improve the recovery rate of E. coli. The use of TMA-Cl
posthybridization wash buffers at temperatures of or about
50◦C has been demonstrated to benefit NSH and NSB [38].
Future experiments will incorporate these two parameters
for further optimizations of the protocol.

3.4. Comparison with a Commercially Available Two-Step
Method. In order to determine how the proposed method
performed in comparison with other methods, we per-
formed subtraction experiments using 500 and 1000 ng of
total RNA using a commercially available kit for bacterial
RNA enrichment (MICROBEnrich, Ambion). The results
indicated that the subtraction efficiency of the one-step
method developed in this study is comparable to the
commercially available kit (Table 4) with the exception of the
E. coli recovery rate.

It is worth emphasizing that the minimum amount
of total RNA recommended by the commercially available
kit is 1000 ng; however, the indications for reagent scaling
provided by the manufacturer appeared suitable for the lower
input range as well. When comparing the results obtained
with the commercially available kit, it is important to keep in
mind that solution-and solid-phase hybridizations represent
very different scenarios with regard to the constraints
imposed on the target capture. Thermodynamic and kinetic
parameters vary significantly among these two making the
solid-phase hybridization more complex and therefore more
challenging to attain [42]. Despite the complexity of solid-
phase hybridization, our results showed the potential of
the proposed method for single-step capture of RNA and
enrichment of bacterial targets. As mentioned in the previous
section, at the higher RNA input ranges, adjustments in the
BSA concentration and posthybridization wash conditions
might enhance the recovery of E. coli and provide a better
assessment for the 18S and 28S specific capture.

4. Conclusion

We have developed and demonstrated a method to capture
mammalian ribosomal RNA in a single step using a magnetic
microbead-based solid phase. Our results indicated that
specific capture of 18S and 28S rRNA can be attained
in matrices containing 500 to 1000 ng of total RNA. The
capture efficiency with the proposed one-step method
depends significantly on the hybridization conditions such
as buffer composition, annealing temperature, and time.
While the use of specific capture probes did not show
satisfactory results, random ones significantly enhanced the
performance, presumably by increasing the probability of
interaction with the targets. The use of TMA-Cl in the buffer
is likely to be enhancing the specific capture by stabilizing
the DNA-RNA duplex. TMA-Cl has also been demonstrated
to influence the charge profile of RNA, hence its secondary
structure. This might also be contributing to the stabilizing
effect [35]. Comparison between the developed method
and a commercially available kit for enrichment showed
comparable performance of the two methods except the
recovery rate of E. coli. Further improvements of the protocol
such as adjustment of BSA concentration with the amount
of target and the use of a TMA-Cl posthybridization buffer
are expected to enhance the performance of the solid phase.
The method developed here has the advantages of being a
flexible platform that enables the use of any capture probe
and less number of manual steps which reduces the risk of
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contamination and loss of template. The successful proof-
of-concept experiments demonstrated here show that this
approach is potentially very useful for various applications.
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